The effect of testosterone as the sole carbon source on protein expression was analyzed in Comamonas testosteroni. Testosterone simultaneously induced the expression of steroid-and aromatic hydrocarbon-catabolizing enzymes and repressed one amino acid-degrading enzyme. It is suggested that steroids play a regulative role in catabolic enzyme synthesis during adaptive growth of C. testosteroni.
Bacteria of the genus Comamonas have been isolated from various soil samples as well as from human sources (blood, urine, and feces). These bacteria rarely attack carbohydrates, but they grow well on organic acids and amino acids (33) . Moreover, Comamonas testosteroni (formerly Pseudomonas testosteroni [30] ) strains are able to use steroids (29) and aromatic hydrocarbons (AHs) (7) as sole carbon sources and thus may represent an attractive means for the natural biodegradation and removal of such stable compounds from the environment.
Unlike man-made AHs, the steroids resemble an ancient group of molecules that occur in multiple forms in the environment (8, 13) . Steroid substrates for soil bacteria do not occur only in vertebrate excretion and insect decomposition; they are also found in large amounts as phytosterols in plants and as membrane constituents in microorganisms (8, 13, 15, 23) . The fact that fossil steroids serve as geological marker compounds in organic geochemistry (17) and that numerous phytosterols are used as raw materials for the synthesis and production of steroid drugs in the pharmaceutical industry (14) emphasizes their great natural abundance.
Although degradation pathways for steroids and AHs have been intensively studied, the question of whether both classes are substrates of different degradation routes or whether some catabolic enzymes function in both pathways remains. A variety of common enzymatic reactions, such as ring cleavage by dioxygenases, constitute these pathways, and several of the smaller intermediates of both pathways have common chemical structures (2, 4, 11, 35) . It is conceivable that steroids and AHs are metabolized by an overlapping set of catabolic enzymes, which raises the question of their regulation.
Catabolic enzymes for steroid and AH degradation are not constitutively expressed but are induced by their respective substrates (11, 18, 22) . However, the molecular basis of the involved regulatory processes are only poorly understood. If steroids represent the original substrate of many of these enzymes, one can assume that steroids are involved in the regulation of these inducible proteins.
We used two-dimensional gel electrophoresis to identify proteins regulated in their expression by testosterone in C. testosteroni. It was found that testosterone simultaneously induces both steroid-and AH-metabolizing enzymes in C. testosteroni. Wild-type C. testosteroni (ATCC 11996) was cultured at 30°C in a synthetic mineral salt medium containing 60 mM K 2 HPO 4 , 33 mM KH 2 PO 4 , 7.6 mM (NH 4 ) 2 SO 4 , 11.7 mM sodium citrate, 0.2 mM FeCl 2 , 0.4 mM MgSO 4 , 0.2 mM CaCl 2 , and 0.04% yeast extract. For steroid induction, testosterone was added to the cultures to yield a final concentration of 0.270 mg/ml. Exponentially growing cells were centrifuged at 4,000 ϫ g for 10 min and washed with 20 mM potassium phosphate buffer, pH 7.5. The pellets were resuspended in 10 mM TrisHCl buffer containing 5 mM MgCl 2 supplemented with, per ml, 100 g of RNase, 150 g of DNase, and 100 g of lysozyme. The cells were then incubated for 30 min on ice and disrupted with a French press, and the lysates were examined by two-dimensional protein electrophoresis. After centrifugation of the lysates (15,000 ϫ g for 25 min), 500 g of protein was applied on the first dimension (isoelectric focusing on an immobilized gradient of pH 3 to 10). After completion of the second dimension (slab gel sodium dodecyl sulfate electrophoresis on 10% polyacrylamide), the gels were stained with Coomassie blue (Fig. 1) .
In a comparison of the protein patterns of testosteroneinduced versus control extracts of C. testosteroni, at least 11 testosterone-induced proteins (TIPs) (Fig. 1b) which showed significantly increased expression after testosterone treatment of the bacteria were identified. Interestingly, one protein, TRP 1 (for testosterone-repressed protein), was obviously repressed upon steroid presence (Fig. 1) .
For determination of the N-terminal amino acid sequences of the 12 testosterone-regulated proteins, the Coomassiestained protein spots were cut from the gels and transferred onto a polyvinylidene difluoride membrane by electroblotting. The proteins were sequenced with an Applied Biosystems A473a protein sequencer as described previously (32) . Each spot gave a single amino acid sequence, indicating the purity of the preparation.
A search for homologies of the obtained amino acid sequences with other proteins was carried out by screening the nonredundant database at the National Center for Biotechnology Information (NCBI) (which includes GenBank, SwissProt, PDR, and PIR) with the BLAST program (BLO-SUM 62 matrix) (1). Strong and significant similarities, confined to N-terminal regions, between related bacterial strains and several proteins that are involved in the degradation of steroids and/or AHs were identified (Table 1) . For some of the TIPs, homology searches resulted in less-significant identity (Table 2 ). Nevertheless, they were selected and are discussed here due to their putative role in steroid and AH metabolism.
Thirteen of 29 amino acid residues of TIP 1 were found to be identical to biphenyl-2,3-diol-1,2-dioxygenase from Terrabacter sp. (27) , resulting in an overall identity of 44%. Biphenyl-2,3-diol-1,2-dioxygenase, an extradiol dioxygenase, is encoded by bphC of the polycyclic AH catabolic pathway and catalyzes the oxidation of 2,3-dihydroxybiphenyl to 2-hydroxy-6-oxo-6-phenylhexa-2,4-dienoic acid, which is the key reaction in the degradation of polychlorinated biphenyls (5) . In Terrabacter sp. strain DPO360, the enzyme is expressed during growth on dibenzofuran as the sole source of carbon and energy and mediates cleavage of 2,2Ј,3-trihydroxybiphenyl, the first metabolite in dibenzofuran mineralization along the angular dioxygenation pathway, to 2-hydroxy-6-(2-hydroxyphenyl)-6-oxo-2,4-hexadienoic acid (27) . Biphenyl-2,3-diol-1,2-dioxygenases were first purified from the polychlorinated biphenyl-degrading strains Pseudomonas pseudoalcaligenes KF707 (6) and Pseudomonas paucimobilis Q1 (28) . Both enzymes contain Fe[II] as a cofactor and have molecular masses of ca. 260 kDa with subunit structures of 8 by 33 kDa. However, despite the close relationship of their enzymatic properties, the isoforms show only 38% similarity on the amino acid level. 2,3-Dihydroxybiphenyl dioxygenase of Terrabacter sp. strain DPO360 also contains a ferrous iron in the active site, but the active enzyme is a homodimer (molecular mass of 80 kDa) consisting of two subunits of 39 kDa each (27) .
TIP 4 was almost identical (90%) to 4-hydroxy-2-oxovalerate aldolase from Pseudomonas fluorescens (9); the enzyme has been shown to catalyze the cleavage of 4-hydroxy-2-oxovaleric acid to acetaldehyde and pyruvic acid. 4-Hydroxy-2-oxovalerate aldolase is encoded by bphI. Together with 2-hydroxypenta-2,4-dienoate hydratase (bphH) and acetaldehyde dehydrogenase (acylating) (bphJ), this enzyme is responsible for the conversion of the aliphatic end product of the bphABCD-encoded catabolism of biphenyls to tricarboxylic acid cycle intermediates (10).
TIP 5 showed 70% identity to the beta subunit of 3-ketoadipate-succinyl coenzyme A (CoA) transferase from Acinetobacter calcoaceticus (PIR accession no. B44570). The enzyme catalyzes the transfer of the CoA of succinyl-CoA to ␤-ketoadipate to form ␤-ketoadipyl-CoA. This CoA thioesterification represents the penultimate step in the conversion of benzoate and 4-hydroxybenzoate to tricarboxylic acid cycle intermediates in bacteria utilizing the ␤-ketoadipate pathway (24) . TIP 8 had an overall identity of 42% to 2-hydroxypenta-2,4-dienoate hydratase from Pseudomonas sp., in which it is encoded by the bphH gene of the polycyclic AH catabolic pathway (10) . This enzyme catalyzes the conversion of 2-hydroxypenta-2,4-dienoic acid to 4-hydroxy-2-oxovaleric acid and thus, in a sequence of reactions in the degradation of AHs, provides the substrate for 4-hydroxy-2-oxovalerate aldolase (TIP 4). A similar compound, 2-hydroxyhexa-2,4-dienoic acid, was described as an intermediate in the bacterial degradation of steroids (14) . Possibly, 2-hydroxypenta-2,4-dienoate hydratase functions in the catabolism of both AHs and steroids, which might hold true for several of these enzymes.
Depending on the number and sequence region of the identified amino acids, TIP 10 had amino acid sequences 38% identical to those found in the progesterone receptor-related protein p23 of Homo sapiens or the protein from Gallus gallus (12) . p23 was reported to be associated with the unactivated progesterone receptor but has also been suggested to be a component of other steroid receptors as well as other complexes containing hsp90. p23 is a highly conserved protein that has been found in every tissue sample tested to date (12) . Since it seems very likely that p23 is a common component of eucaryotic steroid receptors, it would be of interest to determine whether TIP 10 has similar functions in bacteria. However, no procaryotic steroid receptor has yet been described. Moreover, identities to the aldehyde reductase of Caenorhabditis elegans (37%) (34) and the ferrichrome-iron receptor of Escherichia coli (54%) (3) were found. Aldehyde reductase is an enzyme involved in the metabolism of steroids and nonsteroidal xenobiotics (19) . The ferrichrome-iron receptor is encoded by fhuA, which, together with fhuC, fhuD, and fhuB, forms the fhu operon on the E. coli chromosome. The transcribed proteins are required for Fe 3ϩ uptake into E. coli cells through the iron (III) hydroxamate pathway (3).
The database search found 85% of the amino acids of TIP 11 to be identical to 3␣-hydroxysteroid dehydrogenase (3␣-HSD) from Pseudomonas sp. and confirmed the N-terminal sequence of our previous studies on this enzyme from C. testosteroni (22) . 3␣-HSD belongs to the protein superfamily of the short-chain dehydrogenases/reductases (25) and mediates oxidoreduction at position 3 of the steroid nucleus of a great variety of C19 to C27 steroids (22) . In addition, 3␣-HSD from C. testosteroni has been shown to catalyze the carbonyl reduction of nonsteroidal xenobiotic aldehydes and ketones. The pluripotent substrate specificity of this enzyme for steroidal and nonsteroidal compounds, as well as its inducibility, increases the resistance of C. testosteroni towards the steroid antibiotic fusidic acid and enhances the metabolic capacity of insecticide degradation in this organism (21) .
One of the primary metabolic steps in the degradation of the steroid skeleton is the oxidation of the 3-hydroxy group to 3-ketone, which is completed by 3␣-HSDs or 3␤-HSDs. Further degradation proceeds either via 4-hydroxylation to the 3,4-diol of the A ring, which is then opened by meta cleavage between C4 and C5, or via 9␣-hydroxylation and concurrent 1,2-dehydrogenation leading to cleavage of the B ring by a nonenzymatic aldol-type reaction (14, 16) .
Interestingly, the expression of one protein, TRP 1, was repressed upon testosterone presence, indicating negative regulation by steroids. TRP 1 was shown to have a high degree of identity (77%) in its N-terminal amino acid sequence to 4-hydroxyphenylpyruvate dioxygenase from Pseudomonas sp. (26) , an enzyme which mediates formation of homogentisate from 4-hydroxyphenylpyruvate. The enzyme has been purified from vertebrate livers as well as from Pseudomonas sp. strain P.J.874. The mammalian enzymes are all dimers, while the Pseudomonas enzyme has been reported to have a molecular mass of 150 kDa and to consist of four identical subunits. Raman resonance spectroscopy and electron paramagnetic resonance have shown the presence of a specific, high-spin ferric center with a tyrosine coordinated at the center (reviewed in reference 26). Considering that 4-hydroxyphenylpyruvate is the deamination product of tyrosine and that amino acids belong to the natural energy substrates of the proteobacteria, it is conceivable that this enzyme functions in the degradation of tyrosine. The repression of this enzyme upon steroid presence could be interpreted as the inactivation of unnecessary functions during adaptation to alternative substrates.
Compared to the large quantity of proteins up-regulated, only a small number seem to be repressed by testosterone. Obviously, a combination of numerous constitutively expressed and inducible proteins is required for the complex steroid and AH degradation routes, and many of these proteins remain to be identified. It was not possible to sequence all detectable TIPs, due to the low recovery of some proteins after elution from the gel.
Database searches for TIPs 3, 6, 7, and 9 failed to detect any similarities to hitherto known primary structures, which led to the conclusion that these are novel proteins. As a great variety of enzymes involved in catabolic pathways have been described and their amino acid sequences are available in respective databases, it is possible that these unknown TIPs represent new types of proteins like those for steroid transport and binding. TIPs for steroid transport and binding have already been postulated for P. testosteroni (20, 31) . Molecular cloning, a prerequisite for detailed characterization, is currently under way for all of the TIPs identified in the present study. The molecular elucidation of steroid-inducible operons should shed light on the regulatory network involved in steroid metabolism in C. testosteroni. 
